Abstract: The GEO600 laser interferometric gravitational wave detector is unique in having advanced monolithic suspensions and a signal recycled optical design. This contribution will discuss the optical layout, the heterodyne readout and the performance of GEO600.
Introduction
An international network of earth-bound laser-interferometric gravitational wave detectors is currently in the transition from the commissioning phase to long term data taking periods. These detectors-will be searching for gravitational waves from a number of different astrophysical sources such as supernovae explosions, non-symmetric pulsars, inspiralling binary systems of neutron stars or black holes and remnants of the big bang. Furthernore, unknown sources may produce gravitational waves of detectable strength. A summary of the current understanding of astrophysical sources for gravitational waves and of predicted event rates is given in [1] . GEO600, a laser interferometer with 600m arm length, is one of those detectors. The construction of GEO600 started in 1995 as a German/British collaboration on a site near Hannover in Germany. To achieve a sensitivity close to the sensitivity of the km-scale detectors, LIGO[2] and Virgo [3] , an advanced optical layout including signal recycling and a novel design of suspensions for reducing thermal noise effects were included in the detector design. A detailed description ofthe detector subsystems can be found in [4] . This work will first summarize the design and status of GEO600 and then concentrate on the implementation of the signal recycling technique through which the coupling of quantum noise into the detectors output can be changed. Implications on the heterodyne readout as well as on the detector control will be analysed. Finally the achieved sensitivity and the duty cycle of the signal recycled detector will be discussed.
Optical Layout
A simplified diagram of the most important optical components of GEO600 is given in Figure 1 . One of the key problems in laser interferometry is the suppression of the effects of laser amplitude, frequency and beam geometry fluctuations. This goal is accomplished in two ways: First, the coupling of these noise sources into the gravitational wave output has to be made as small as possible by an interferometer design with enough symmetry to reject laser noise from its output. (As an example, if the arms ofthe interferometer were perfectly equal in length there would be no sensitivity to frequency noise). The second approach is to make the laser as quiet as possible, to clean and stabilize its output and finally to attempt to sense any residual noise and use feedback control to suppress it.
The diode-pumped Nd:YAG laser consists of an injection locked system: a monolithic low noise, low power master laser and a higher power slave laser. The 12W output of the slave acquires the frequency stability of the master which is pre-stabilized to a ring cavity with 8m round trip length, a so-called modecleaner. The amplitude stability of the laser is improved by active feedback from a power sensor near the laser to the pump power of the slave laser.
Beam geometry noise (position pointing, and fluctuations in beam size) are improved by spatial filtering of the laser beam by two sequential high finesse modecleaner cavities. When the fundamental gaussian mode is on resonance, as required to transmit the beam from the laser, the higher order spatial modes are (for the most part) far from resonance in these cavities. Any tendency for the beam to change position, direction, or size leads to light being injected into higher order spatial modes, but since these are not resonant their transmission through the cavity is very small. The core of the GEO600 detector is based on a simple Michelson interferometer, but with a number of variations and enhancements. The main interferometer is designed as a dual-recycled folded-arm Michelson interferometer. Dual recycling on a suspended interferometer was first demonstrated by Heinzel et al [5] . A length control system keeps the operating point of the interferometer at the so-called dark fringe which means that due to destructive interference no light leaves the output port of the interferometer. Under this condition all light is reflected back towards the laser and the interferometer behaves like a mirror. A so-called power-recycling cavity is formed by this "mirror" and the power-recycling mirror (see Figure 1 ) which leads to a power build-up in the interferometer and improves the shot-noise limited sensitivity of the detector. The anticipated power build-up factor in GEO600 is 2000 which leads to a power of about lOkW at the beam splitter. Currently the detector is operated with a reduced input power of 2W and a reduced power recycling gain of 300. This power recycling cavity is used as the reference for the final frequency stabilization of the laser.
Gravitational Wave Readout
Any phase change of the light in the interferometer arms caused by a gravitational wave or by noise will lead to light leaking out of the output port of the interferometer. The signal recycling mirror will reflect this light back into the interferometer and forms another Fabry-Perot cavity, the signal-recycling cavity. In this case, the light power representing the signal at specific Fourier frequencies is enhanced. This effect reduces the shot-noise equivalent apparent displacement noise of the detector for these Fourier frequencies. The shot-noise curve (apparent gw-signal due to shot noise at the detector output as a function of Fourier frequency) shows a dip, the center of which can be tuned in frequency by changing the position of the signal-recycling mirror. The bandwidth of the dip is determined by the reflectivity of the signal recycling mirror.
A heterodyne readout scheme is employed to reduce the sensitivity of the interferometer to laser amplitude fluctuations. Phase modulation sidebands are imposed on the laser and injected into the power recycling cavity. The frequency of the phase modulation was chosen to coincide with the 1 9th free spectral range of the power recycling cavity. Due to an intentional mismatch of the length of the two interferometer arms, a fraction of 0.3% of these JTuB2 sideband leave the interferometer at the "dark port" and is injected into the signal recycling cavity. The length of the signal recycling cavity is adjusted such that one of these sidebands is resonant and can serve as a local oscillator for the gravitational wave readout. This local oscillator dominates the light power at the output port of the detector and hence allows for a shot noise limited detection of the beat signal between the local oscillator and the gravitational wave sidebands.
Detector performance
Since November 2003 GE0600 has been operating stably in the signal recycling topology. The key step towards this first operation of a long baseline dual recycled detector was the so called lock-acquisition process. During this process the length of the Michelson interferometer arms and of the signal and power recycling cavity need to be controlled to a small fraction ofthe wavelength of the light and their angular alignment has to be within several jrad of the optimal alignment. As all mirrors are suspended as multi-pendulums to decouple them from ground motion and as only low noise actuators with a limited force range and bandwidth could be used, a well defined sequence had to be developed to achieve a successful lock acquisition. After some optimization and automation this led to a very stable detector which could be demonstrated with a duty cycle of 98.7% in a two week long observation period in January 2004. Since then the commissioning work has been concentrating on the sensitivity and stationarity of the detector. Due to a number of changes and improvements the sensitivity could be increased by more than a factor of 50 at 200Hz Fourier frequency. Further investigations like the analysis of noise propagation through the different detector subsystems will be carried out to further reduce the noise in the detector output. Together with the increase of the injected light power and the power recycling gain this is expected to bring GE0600 close to the design sensitivity by end of 2005.
